Abstract. -Using an approximate time-dependent density functional theory method, we calculate the absorption and luminescence spectra for Hydrogen passivated Silicon nanoscale structures with large aspect ratio. The effect of electron confinement in axial and radial directions is systematically investigated. Excited state relaxation leads to significant Stokes shifts for short nanorods with lengths below 2 nm, but has little effect on the luminescence intensity. The formation of selftrapped excitons is likewise observed for short nanostructures only; longer wires exhibit fully delocalized excitons with neglectable geometrical distortion at the excited state minimum.
Research on silicon nanowires (SiNW) intensified in the past years, due to their potential applications in future nano-technologies, such as nanosensors [1] , nanoscale electronics and photonics devices [2] [3] [4] . This interest is based on the fact that the electronic structure of SiNW depends critically on the size, orientation, passivation and doping level of the nanostructure. For example, it was shown experimentally that the band gap can be tuned by choosing different growth direction and diameters of the wire [5] . On the theoretical side, the ground state electronic structure and transport properties of different kinds of SiNW have been investigated by several authors [6] [7] [8] [9] [10] [11] [12] .
Light absorption and emission of these systems also attracted great attention, because the band gap in bulk crystalline Si is small and indirect, while the band gap in SiNW can become large and direct due to the quantum confinement effect [13] [14] [15] [16] [17] [18] . This experimental progress paves the way to obtain visible light from Silicon materials, and provides the possibility for future optoelectronics applications. In the past, theoretical descriptions of the optical properties of SiNW were mainly restricted to the determination of the absorption spectrum [6, 10, 11] . In order to (a) E-mail: thomas.niehaus@bccms.uni-bremen.de quantify the luminescence it is often tacitly assumed that the de-excitation occurs resonantly. However, absorption and emission spectra can be quite different due to excited state relaxation and simulations that take this Stokes shift into account are currently missing for SiNW.
In this letter, we use the time-dependent densityfunctional based tight-binding (TD-DFTB) method [19] to study the excited states and optical properties of SiNW. The same method has been applied to silicon clusters [20] [21] [22] [23] , where it was found to provide a high degree of reliability and computational efficiency in comparison with the parental time-dependent density functional theory (TD-DFT) from which it is derived [20] . In principle, SiNW should be treated as quasi one-dimensional periodic systems, because the lengths of SiNW are generally in the micrometer range while their diameters are several nanometers only [5] . However, the TD-DFTB method we use here is currently restricted to deal with finite systems, thus, we construct silicon nanostructures along the 110 direction with increasing length to approach the experimentally realized SiNW. This allows us to demonstrate how the localized excitons in silicon clusters evolve into delocalized excitons when the Si nanostructures become longer and longer. We will also show the dependence of the absorption and emission energies on the diameters of SiNW.
We studied 110 SiNW with four different diameters, as shown in Fig. 1 . The diameters d are estimated to be 0.84 nm, 0.98 nm, 1.08 nm, 1.24 nm, respectively. Due to the limitation of computational resources, SiNW with other growth directions or larger diameters were not considered.
The simulation protocol for each structure can be summarized as follows: (a) Building of the structural model. Dangling bonds of surface Si atoms are fully saturated by hydrogen atoms. (b) The constructed models are relaxed in the ground state by conjugate gradient optimization using the DFTB [24, 25] method. (c) The low energy part of the absorption spectrum at the ground state optimum is obtained by solving for the energies and oscillator strengths for the lowest five singlet excitations. (d) Assuming rapid internal conversion, i.e. the validity of Kashas rule, the emission energies are evaluated by geometry optimization in the first excited singlet state (S 1 ). For most systems studied here, this does not represent an approximation, since the strongest absorbing state is actually the S 1 . In the optimization we take adantage of a recent implementation of analytical excited state forces for the TD-DFTB scheme [26] . In all calculations the basis set consists of s and p orbitals for Si atoms and an s orbital for H atoms and the gradient-corrected PBE exchangecorrelation functional is employed 1 .
For a given structure, excited state energies (ω I ) are obtained in two steps [19] . Firstly, ground state spinrestricted DFTB calculations are performed to obtain the Kohn-Sham (KS) orbitals ψ i and the KS energies ǫ i . These single-particle values are corrected following the TD-DFT linear response treatment of Casida [27] 
where ω ij = ǫ j − ǫ i and σ and τ are spin indices. The coupling matrix K ijσ,klτ defined as [19, 27] 
is further simplified in the TD-DFTB approach using the Mulliken approximation [19] .
With the results of equation (1), oscillator strengths are calculated as [19, 27] Fig. 2 , we show the absorption and luminescence spectra for the thinnest 110 nanowire (d = 0.84 nm) with different lengths, from l = 2.7 nm (Si 112 H 98 ) to l = 4.2 nm (Si 176 H 146 ). As expected, we find that both absorption and emission energies slightly red-shift with increasing length of the wire. Moreover, a sizable Stokes shifts of around 0.1 ∼ 0.2 eV is discernible. Since excited state relaxation does not lead to a significant change of the oscillator strengths, all considered nanostructures should exhibit significant luminescence intensity.
Next, we extracted the energies of the first allowed transition for SiNW with different diameters to investigate the size dependence of the optical gap (see Fig. 3 ). When the length of the Si nanostructures increase from 0.39 nm to 2.73 nm, the absorption energies E abs will decrease monotonously from the range around 5 eV to the range around 3 eV. This is due to the decrease of quantum confinement effects. Concurrently, the emission energies E emi show an overall increase (although with some fluctuations for most cases) from the range around 1 eV to the range around 3 eV, and then follow the trend of the absorption energies. This general behaviour has also been found in similar studies on the size dependence of the optical gap in spherical Si quantum dots [20] [21] [22] . In order to understand the transition from clusters to wires more deeply, we analyze the geometrical distortions arising from the excited state relaxation. In small clusters, one Si-Si bond is extremely stretched [20] up to 2.70 A. Depending on the actual structure, the location of this bond can be either in the center of the cluster or at its surface. When the rods are long enough, the geometry distortions is small and more homogenously distributed over all bonds. For the thinnest nanostructures (d = 0.84 nm), the distortions locate at one Si-Si bond in the center of the structures for lengths below 1.95 nm and delocalize beyond this value. For a diameter of 1.08 nm, geometry changes are observed for one Si-Si bond at the surface of the structures up to a length of 1.17 nm (Si 72 H 68 ). The situation for the other two cases (d = 0.98 nm and d = 1.24 nm) are more involved. For the wire with d = 0.98 nm, distortions are primarily found for a Si-Si bond at the center of the clusters below 0.78 nm (Si 40 H 48 ). Then the distortion is delocalized for the cluster Si 60 H 64 at 1.17 nm, which corresponds to the peak in the emission energy curve in Fig. 3 . After this, a surface Si-Si bond is found to be elongated for the cluster Si 80 H 80 at 1.56 nm and thereafter all distortions have delocalized character for longer structures. A similar case are the wires with d = 1.24 nm, where a delocalized distortion appears for Si 60 H 60 (l = 0.78 nm), and a localized distortion for Si 90 H 76 (l = 1.16 nm).
Additional information on the electronic structure can be extracted from the KS molecular orbitals that are in- volved in the light absorption and emission. We take the rods Si 48 H 50 (l = 1.17 nm) and Si 96 H 86 (l = 2.32 nm) with diameter d = 0.84 as examples. In both systems, the S 1 excited state wavefunction is dominated by a singleparticle transitions from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). In Fig. 4 , these orbitals are depicted for the optimized geometries in S 0 and S 1 . We find for the ground state minimum of both structures that the HOMO mainly distributes along the central zone of the wire, while the LUMO is located on the surface. The molecular orbitals at the excited state minimum conformation are quite different for the two structures under investigation. The shorter structure, Si 48 H 50 , exhibits a LUMO concentrated at the center of the cluster that gives rise to a repulsive force. This formation of a self-trapped exciton [28] explains the observed significant Si-Si bond stretch. In contrast, the LUMO of the longer rod, Si 96 H 86 , distributes more or less homogenously along the structure, indicating a delocalized exciton and geometry distortion.
We next discuss quantum confinement effects that arise due to the finite radial extension of the wire. The variation of the optical gap in SiNW of different diameters has been demonstrated in previous experiments [15] [16] [17] [18] . Since our calculations here are restricted to finite clusters, we use an extrapolation procedure to estimate the gap of SiNW with infinite aspect ratio. In this respect the phenomenological formula [12, 30] 
is often used to obtain the energy of the absorption onset E gap . Here C and α are adjustable parameters, l 0 = 1 nm, and l is the length of the nanowires. In using eq. (3), one assumes the validity of a particle-in-a-box picture, which requires full delocalization of the wavefunction over the wire length. As detailed above, this condition is met only for SiNW beyond a length of approximately 2 nm. For these structures, the coupling matrix contribution of eq. (1) is on the order of 10 meV only and will decrease further for longer rods [31] . This allows us to estimate the absorption energies from ground state calculations (ω I ≈ ω ij ), which can be easily performed for wires up to lengths of 6.6 nm and provide an extended data basis for the fit to eq. (3).
In table 1, we show our results of the extrapolation for the SiNW with four diameters. The energy gaps decrease with the increase of the SiNW diameter as expected. Where comparable, our results show a rigid positive shift with respect to the PBE band structure calculations of Gali and co-workers [12] which can be attributed to the minimal basis set we utilize. In the same study, also simulations with a hybrid exchange-correlation functional are performed that yield excellent agreement with experimental electronic band gaps. The DFTB results are actually in line with the latter values.
It should be mentioned, however, that TD-DFT provides the energies of charge-neutral excitations including the effect of electron-hole interaction. Our results should therefore be better compared to many body perturbation theory calculations at the level of the Bethe-Salpeter equation which contain the same information as TD-DFT. In Ref. [32] , such quasiparticle calculations of the optical gap have been carried out on 110 SiNW and yield excitation energies of approximately E gap = 1.9 eV for d = 0.9 nm and E gap = 1.8 eV for d = 1.3 nm. Both values differ considerably from our results. It is difficult to draw systematic conclusions from such a limited comparison. One possible reason for the discrepancy is the known deficiency of local and semi-local functionals like the PBE to account for long-range electron-hole interaction [33, 34] .
In conclusion, we simulated the absorption and emission spectra of SiNW with different diameters. The evolution of the optical properties from small clusters to nanowires with infinite aspect ratio has been investigated. While short nanorods with lengths below 2 nm show localized excitations and the formation of self-trapped excitons, excited state relaxation has little effect on longer structures which exhibit delocalized excited states. * * * Yong Wang thanks Dr.
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